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The nature of transient electronic states created by photoabsorption critically determines the dynamics of
the subsequently evolving system. Here, we investigate K-shell photoionized atomic neon by absorbing a
second photon within the Auger-decay lifetime of 2.4 fs using the European XFEL, a unique high-
repetition-rate, wavelength-tunable x-ray free-electron laser. By high-resolution electron spectroscopy, we
map out the transient Rydberg resonances unraveling the details of the subsequent decay of the hollow
atom. So far, ultra-short-lived electronic transients, which are often inaccessible by experiments, were
mainly inferred from theory but are now addressed by nonlinear x-ray absorption. The successful
characterization of these resonances with femtosecond lifetimes provides the basis for a novel class of site-
specific, nonlinear, and time-resolved studies with strong impact for a wide range of topics in physics and
chemistry.
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I. INTRODUCTION

Transient electronic states play a crucial role in complex
physical or chemical processes in atoms [1,2] and mole-
cules [3–7], as well as photocatalysis [8,9], elementary
steps in photosynthesis [10], and radiation damage [11].
Their lifetimes are governed by various processes that take
place on a broad range of timescales. For the fastest of these
processes, many photon-mediated electronic processes are
often the first step to relaxation dynamics, energy transfer,
molecular restructuring, or dissociation, and can constitute
the beginning of a structure-function interplay that is in the
center of ultrafast time-resolved investigations. However,

due to their short lifetimes, transient states often escape
experimental observation. X-ray free-electron lasers
(XFELs) being the most brilliant x-ray sources in the
world can provide up to 1014 photons per pulse, i.e., within
exposure times at the timescale of atomic and even
electronic dynamics, in femto- and attoseconds, respec-
tively. In addition to providing the required time resolution
for recording snapshot sequences of ultrafast processes at
the atomic scale, they are suitable tools for creating,
exploiting, and investigating transient structures and reso-
nances, while giving access to site-specific information by
element-specific core excitations in the soft x-ray regime
[12]. At these short wavelengths, the first step of light-
matter interaction is, predominantly, the photoemission of a
core electron that alters the Coulombic potential of the
targeted system within attoseconds. Such a core-ionized
system typically decays within a few femtoseconds, which
subsequently triggers a variety of processes. Probing the
electronic structure of a core-excited system before any
relaxation occurs therefore provides essential information
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for a better understanding of ultrafast processes, nonlinear
photoabsorption at extreme intensities, and in particular,
radiation damage in FEL-based imaging experiments.
Moreover, transient resonances play a substantial role in
multiple-ionization processes at FELs, not only at the
beginning, but also during each step of the interaction
with the ultraintense x-ray pulse [1–3]. Experimentally
addressing these elusive structures can help to validate the
latest theoretical understanding of complex transient states
in their role as mediators of photoinduced excitation
processes, which is promising to support advanced appli-
cations in physics, chemistry, and biology [1–12].

II. RESULTS AND DISCUSSION

A. The process

In this work,we use high-resolution electron spectroscopy
available at the Small QuantumSystems (SQS) instrument of
the European XFEL to experimentally characterize transient
core-ionized neon atoms within their lifetimes of only
approximately 2.4 fs [13,14]. This method has been shown
to be a highly differential tool for investigating electronic
structures anddynamics of ionicmatter [15–17]. By applying
resonant Auger spectroscopy, we succeed in mapping the
high-lying np-Rydberg resonances of the transient Neþ1s−1
ion by populating themwith the remaining electron from the
core level by excitations of the type Neþ1s12s22p6 þ hν →
Neþ�1s02s22p6np (Fig. 1).
Neon has a 1s electron binding energy of 870.2 eV, which

is giving the minimal energy requirement for one photon to
generate a single-core hole (SCH). After ionization, the
remaining core electron becomes more tightly bound by
about 125 eV. Without further interaction, the stored
Coulombic energy in the system would be released within
approximately 2.4 fs viaAuger decay. If another photonwith
sufficient energy is absorbed before the ultrafast relaxation,
the remaining electron from the core orbital can be ejected or
resonantly excited into a valence orbital, thus creating a
(resonant) double-core hole (DCH) [18] (see Fig. 1).
By mapping out the resonances in such a highly excited

and transient system, the ion structure after core-hole
generation can be studied before relaxation takes place.
Therefore, the presented method can create an observation
window into the very beginning of subsequently evolving
x-ray-induced dynamics. This is complementary to the
concept of the core-hole clock [19,20], which uses the decay
of the short-lived state to obtain information on the dynamics
within the lifetime of the core-hole state. The formation of
DCH provides access to the time window even before
this decay.

B. Experimental results

The present study exploits the possibilities given by the
smooth wavelength tunability and the high repetition rate
for the x-ray pulse delivery at the European XFEL, the first

XFEL entering an effective kHz regime [21] (up to 2 kHz
used in the present experiment). The ultrashort, intense
x-ray pulses of about 2 mJ energy and pulse durations of
about 25 fs are focused to about 1.5 × 1.5 μm2 (FWHM)
via Kirkpatrick-Baez (KB) optics on neon atoms in the
acceptance volume of a time-of-flight electron spectrometer
within an ultra-high-vacuum chamber (see Sec. IV.).
The success of the experimental observation of these

transient resonances depends in a crucial way on the ratio
between the pulse duration and the SCH lifetime; in
addition, it depends on the ratio between the bandwidth
of the exciting x-ray pulse and the spectral width of the
DCH resonances. For our experimental conditions, these
ratios are independent from each other, as the spectral and
temporal properties of self-amplified spontaneous emission
(SASE) pulses are far from the Fourier limit. They are given
by 25 fs (pulse duration) vs 2.4 fs (lifetime) and 8.5 eV
(XFEL SASE bandwidth) vs 0.7 eV (resonance width),
respectively, affecting the ratio of the DCH and SCH yields,
which in the perturbative regime depends linearly on the
intensity (see Sec. IV). Irrespective of the number of
photons irradiating the sample, it results already in a more
than 2 orders of magnitude lower probability of absorbing a
second photon compared to the first one, assuming that the
cross sections for the absorption of the two photons are
comparable. In fact, at any intensity the absorption of a
second photon, when present, can occur only if the photon

FIG. 1. Scheme of the investigated process. Linear regime
(left): The first photon absorption and resulting ionization of neon
is typically followed by an Auger decay after approximately
2.4 fs (from top to bottom). Nonlinear regime (right): With short
pulses of sufficiently high fluence, this sequence can be inter-
cepted by a second photon that creates 1s−2np-Rydberg states in
the transient ion. The relaxation of this double-core hole results in
the ejection of an electron, which is the subject of the present
investigation.
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energy is within the resonance bandwidth and if the photon
is delivered within the lifetime of the core-excited ion. The
high intensity and the kHz pulse delivery repetition rate
used in the present experiments could effectively counter-
balance these disadvantages and thereby enable the detailed
characterization of the DCH resonances.
Figure 2 shows the recorded electron spectra at different

x-ray energies covering the range from below the first
unoccupied (n ¼ 3), over all Rydberg states, into the
continuum. Despite the photon-energy bandwidth of about
0.9%, the individual features of the n ¼ 3 and n ¼ 4
resonances are clearly identified, whereas higher lying
states are increasingly overlapping. The signal at approx-
imately 870-eV electron energy continues at the very same
energy for shorter wavelengths since it is a discrete
transition in the doubly-core-ionized ion, as reported in
the literature for atomic and molecular systems [1,22–28].
An electron spectrum with more details of the accessible
features above the 1s−2 threshold, which was experimen-
tally determined at an excitation energy of 995� 2 eV, is
shown in Sec. IV.

C. Discussion

The interpretation and assignment of the observed
structures are enabled by model spectra based on photo-
ionization calculations using the B-spline R-matrix method
[29] in which nonorthogonal electronic orbitals are used to
describe the relaxation effects. The calculations are carried
out in the LS coupling scheme of the angular momenta,
when orbital (L) and spin (S) angular momenta of the
electrons are both conserved. All initial and final bound-
state orbitals are obtained by multiconfiguration Hartree-
Fock methods (see Sec. IV). Theory-based-model spectra
are depicted in Fig. 3 in comparison with the experimental
results, showing good overall agreement. The theoretical
yields for the resonant Auger electron emission are

FIG. 2. Resonance map of the transient Ne ion. (a) Interpolated
false color representation of the electron spectra recorded by
varying the photon energy across the region of the
Neþ1s12s22p6 → 1s02s22p6np transitions with steps of 1 eV.
(b) Total DCH Auger-electron yield (black line). The total yield is
decomposed into individual contributions for the different
Rydberg states by projecting the 2D map at selected electron
energies [see colored arrows on the right side of (a)]: 1s03p
excitation (green, electron energy Ek ¼ 881 eV), 1s04p excita-
tion (red, Ek ¼ 875.5 eV), 1s05p excitation (magenta, Ek ¼
872.5 eV), 1s0εp excitation (blue, Ek ¼ 870.5 eV). The integra-
tion regions for the selected electron energies are 6, 3, 1, and
0.5 eV, respectively. The black arrows indicate the photon
energies selected for the detailed analysis of the relaxation
pathways (Fig. 3). A small contribution of direct valence
photoionization of Ne2þ ions in their ground state can be seen
as faint diagonal lines at high electron energies.

FIG. 3. Electron spectra from individual resonances. The
experimental electron spectra at (a) hν ¼ 982� 0.5 eV (circles),
(b) hν ¼ 989� 0.5 eV (squares), (c) hν ¼ 991� 0.5 eV (dia-
monds), and (d) hν ¼ 1000� 0.5 eV (stars) are plotted in
comparison to the calculated yield from all transitions that are
possible within the specified photon-energy bandwidth (thick
black curves). For each panel, the color code assigns blue to 3p,
red to 4p, yellow to 5p, green to ð> 5Þp, and purple to continuum
excitation states. The theory spectra are decomposed in the
contribution from the photon-energy-selected resonant excitation
(full thicker lines) and, for panels (b) and (c), the non-negligible
yields from close lying resonances (dashed lines) labeled in gray.
The photon-energy-selected excitation yields are further resolved
in the contributions attributed to the different final states (full
thick lines, spectator decay; full thin lines, shakeup or -down
decays).
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obtained from the calculated transition probabilities
accounting for the experimental conditions (see Sec. IV)
and are fit to the experimental data by one single scaling
parameter for the amplitude of the resonant yields for all
photon energies.
For all resonances, the dominant decay channel is

related to spectator transitions Neþ1s02s22p6np →
Ne2þ1s12s22p4np0 (np ¼ np0). The lowest photon energy
[Fig. 3(a)] is chosen to exclusively excite the 1s02s22p6np
(n ¼ 3) Rydberg state. The simulated Auger spectrum of the
Neþ1s02s22p63p state is decomposed in contributions
to the different final states, Ne2þ1s12s22p43p0 (spectator
decay labeled as 3p → 3p0) and Ne2þ1s12s22p44p0

(shakeup labeled as 3p → 4p0). The highest photon energy
[Fig. 3(d)] lies above the 1s−2 threshold and the electron
spectrum relates to the normal Auger decay of the double-
core hole. The two middle panels in Fig. 3 show the spectra
for photon energies triggering the excitation of the
1s02s22p6np (n ¼ 4, n ¼ 5) Rydberg states. Because of
the photon-energy bandwidth, these spectra contain, in
addition to the selected resonant Auger transition, also a
non-negligible contribution from the excitation of other
close-lying resonances, which is captured by theory and
also represented in Figs. 3(b) and 3(c). The decay of the
1s02s22p6np (n ¼ 4, n ¼ 5) resonances is decomposed into
the spectator-decay contribution and the shakeup and shake-
down contributions labeled in an analogous way to Fig. 3(a).
Identifying final states with quantum numbers different

from theexcitation level allows for a detailed characterization
of the decay pathways from these highly excited resonant
states, and to estimate the relevance of the shakeup (n < n0)
and shakedown (n > n0) contributions in the relaxation of a
specific resonance. For the 3p resonance, we observe a
remarkably low shakeup probability, with about 11% of the
total decay found in the Ne2þ1s12s22p44p0 configuration.
For the Neþ1s02s22p64p resonance, the contribution from
shake processes accounts for 37% in the 5p′ shakeup and 3%
in the 3p0 shakedown states. Compared to single-core-hole
resonances [30], the shake processes are contributing sig-
nificantly less, which can be interpreted by differences in the
effective charge for the two processes leading to a different
expansion of the p orbitals. At high irradiation levels around
1018 W=cm−2, Rabi cycling may affect the Auger spectrum
and population yields for the resonant double-core vacancy
[31,32]. The shape of the resonant Auger lines starts to be
modified when the Rabi oscillation period becomes compa-
rable to the Auger-decay time. The corresponding critical
intensity for the 1s-3p transition inNeþ is estimated to about
1019 W=cm2. This is still above the peak intensity in our
experiments, and only small changes in the wings of the
resonant Auger lines might occur. The detailed analysis of
this effect is beyond the scope of this paper and is neglected in
the theoretical modeling.

III. CONCLUSIONS

Enabled by the efficient wavelength tunability and the
high repetition rate of the European XFEL, we demonstrate
the capability to investigate highly transient core-ionized
species via electron spectroscopy. The method is promising
to evolve as a tool to investigate transient chemical
functionality of molecules by studying the electronic
structure of, e.g., core-hole-excited systems for under-
standing electron migration and the evolution of electron
correlations on the atto- and femtosecond timescale. It can
provide benchmarks for theoretical models of intramolecu-
lar charge transfer and nuclear dynamics immediately after
the sudden creation of a core hole, which have mainly been
assessed indirectly via ion spectroscopy up to now [33].
The presented results allow, furthermore, a much deeper
insight into the typically neglected radiation-damage
dynamics on the onset of the XFEL pulse, with possible
implications for biomolecular imaging applying the
“diffract-before-destroy” principle.

IV. METHODS

A. Experiment

The experiment is carried out at the SQS scientific
instrument located on the SASE3 soft-x-ray branch of
the European XFEL [21], using the atomic-like quantum
systems (AQS) experimental station [34]. For the present
experiment, up to 2000 pulses per second are distributed
equally within 200-μs-long pulse trains at a repetition rate
of 10 Hz. The soft x-ray undulators in SASE3 are currently
providing linear horizontal polarization, and the photon
energy can be quickly tuned via adjusting the gap between
the magnetic rows. Using a total electron charge of 250 pC,
the x-ray pulses have an estimated duration of about 25 fs
with pulse energies of about 2 mJ on average. Their photon-
energy bandwidth including a shot-to-shot jitter is exper-
imentally determined to be 0.9%.
Two highly polished focusing mirrors mounted in KB

configuration provide a focus size of about 1.5 μm diam-
eter (FWHM) and thereby an intensity of up to 3 ×
1018 W=cm2 in the interaction volume, taking into account
a beam-line transmission of about 56% at 1000 eV photon
energy. Details on the beam-line parameters will be
published elsewhere. The optimization of the focal spot
with the KB optics is realized using a Hartmann-type wave-
front sensor as well as using Xe and Ne ion spectrometry.
The photon energy is experimentally determined by com-
paring the resonance energy of the Ne 1s−13p excitation,
i.e., 867 eV, to the corresponding accelerator-based esti-
mation from electron-beam diagnostics. The relative uncer-
tainty for extrapolating the calibration to 1000 eV photon
energy is about 1 eV.
The employed electron time-of-flight (TOF) spectrom-

eter is installed facing the interaction region of the AQS
ultra-high-vacuum chamber where the x-ray focus is
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optimized. It is aligned at an angle of 54.7° with respect to
the horizontal linear polarization of the x rays, which means
that angular distribution anisotropies are negligible. The
interaction volume is defined by the x-ray beam and an
effusive beam of gaseous neon (99.999% purity). When
introducing the neon gas during the experiment, the
pressure in the vacuum chamber rises to about
1 × 10−7 mbar, whereas the local pressure in the interac-
tion is estimated to be 1 to 2 orders of magnitude higher.
The total acceptance of the TOF is 0.14% of 4π. After
having passed the entrance of the spectrometer, the elec-
trons enter a 417-mm-long flight tube that is divided into
four insulated sections, which create a set of static electric
fields that successively retard the incoming electrons. Their
voltages can be tuned independently to optimize the energy
resolution. For the measurements on the resonant DCH
Auger lines (Figs. 2 and 3), a retardation voltage of−850 V
is applied. In counting mode, i.e., with single-electron hits
per pulse, the energy resolution is shown to reach up to
E=ΔE > 10 000. The electrons are finally preaccelerated
onto a commercially available microchannel-plate (MCP)
detector that is operated in analog mode; i.e., the current
through the MCPs creates the electron spectrum, which
requires multiple electron hits per time bin.

B. Data analysis

The recorded electron spectra are obtained from the
analog current signal of the MCPs collected by the detector
anode that is ac coupled to a 12-bit analog-to-digital
converter (ADC) with a 2-GHz bandwidth. These measured

ADC traces are deconvoluted by the response function of
the detector in order to obtain a reliable retrieval of the line
shape in the high-resolution spectra.
The linearity of the detector response to the collected

signal along a 100 to 200 μs pulse train is characterized
using the yield from the single-photon valence photo-
emission Ne 1s22s22p6 þ hν → Neþ1s22s12p6 þ εl and
Ne 1s22s22p6 þ hν → Neþ1s22s22p5 þ εl (see Fig. 4),
which is applied as a normalization factor.
The signal from the single x-ray pulses is then sorted

according to the pulse energy measured by the SASE3 gas
monitor detector to extract the dependence of the DCH
Auger-electronyield on thepulse energy. The power-lawplot
(inset in Fig. 4) clearly shows a quadratic dependence
on the number of photons of the continuum DCH Auger,
which is consistent with the nonlinear nature of the observed
process.
The TOF spectrometer is energy calibrated using its

time-of-flight to kinetic-energy dependence and its trans-
mission function as extracted for the kinetic-energy region
of interest by interpolating the photon-energy dependence
of the single-photon valence photoemission yields in neon.
The transmission is extracted by normalizing the yield upon
the double-differential cross section of the 2p and 2s
photoemission processes. In the photon-energy region
where the resonant excitation takes place, the resonant
Auger signal superposes to the valence photoemission from
Ne2þ1s22sn2pm (nþm ¼ 6) ions, whose kinetic energy
varies with the photon energy. In order to be able to perform
a quantitative analysis of the resonant Auger spectra, this

FIG. 4. Electron spectrum above the DCH ionization threshold. High-resolution electron spectrum of neon ionized at hv ¼ 1110 eV
with a pulse energy of 1.1� 0.1 mJ. The sharp feature at an electron energy 804.5 eV shaded in red is attributed to the KL23L23ð1DÞ
Auger line generated by the decay of the SCH state Neþ1s12s22p6 after 1s ionization of the neutral. The broad structures at 1060 and
1090 eV result from the valence ionization of the neutral atom. The structure between 835 and 875 eVelectron energy is mostly assigned
to the DCH Auger decay, with final states as indicated in the legend. The spectroscopic assignments are taken from Ref. [24]
and references therein. The two uncolored lines around 850 eV may be identified according to Ref. [24] as decays
Ne2þ1s02s22p53s; 3p → Ne3þ1s12s12p43s; 3p, which are excited from the ground state of Ne by two photons much stronger than
by a single photon of the synchrotron radiation. Inset: pulse energy dependence of the SCH (red) and DCH (blue) contributions over
more than an order of magnitude obtained by attenuating the pulse energy upstream the interaction region. The dots represent the
experimental data obtained by integrating the electron yield from the shaded areas in the spectrum at given pulse energies; the lines
represent power-law fits from the pulse energy range Epulse < 800 μJ, where the experiment is not affected by target depletion. The
extracted power laws are consistent with a one-photon (linear) and a two-photon process, respectively.
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contribution is modeled for the spectrum collected at
hν ¼ 1000 eV, where no superposition with the DCH
Auger yield is observed. It is then subtracted from the
photon-energy-dependent spectra after scaling it by the
photoionization cross section of neutral Ne.
The theoretical resonant Auger yields to be compared to

the experimental spectra are obtained from the calculated
transition probabilities as we describe below, accounting
for the contribution from the SASE photon-energy band-
width of 8.5 eV FWHM and convoluting the spectra with
the response function of the electron spectrometer (2.1 eV
FWHM in the applied settings).

C. Photoionization calculations

The photoionization calculations are performed in the
LS-coupling approximation with relaxation by the R-
matrix method with B splines, as realized in the BSR codes
[29]. The nonorthogonality between electron wave func-
tions in the initial and final states, which is crucial in
treating ionization from the inner shell, is fully taken into
account. The electron wave functions for the bound states
are obtained in the multiconfiguration Hartree-Fock
approximation [35]. For the comparison with the experi-
ment, an overall offset of about 4 eV must be introduced to
match the calculated and experimental excitation energies.
In addition, the energies of the Rydberg states with different
quantum numbers are finally slightly shifted with respect to
each other to account for the deviations due to the finite
basis set included in the calculations. The photoabsorption
cross section of Neþ 1s12s22p6 for the photon energies
covering the region of the Neþ 1s02s22p6np DCH reso-
nances and the Ne2þ 1s02s22p6 ionization threshold is
shown in Fig. 5. The following final doubly charged Ne2þ
states (thresholds) are included:

1s12s22p5; 1s12s12p6; 1s02s22p6;

½1s12s22p4; 1s12s02p6; 1s02s22p5;

1s12s12p5; 1s02s12p6�3s=3d;
½1s12s22p4; 1s12s12p5; 1s12s02p6;

1s02s22p5; 1s02s12p6�npð3 ≤ n ≤ 8Þ;

giving in total 321 states with different total orbital and spin
angular momenta. Strong resonances from the DCH states
dominate the spectrum below the threshold and, as we
demonstrate in Fig. 5, the width of these resonances is
determined by the decays within the ionic core with the
spectator Rydberg np electron. The calculated lifetimes are
0.89 fs (corresponding to 740 meV) for the 3p resonance
and 1.02 fs (650 meV) for the 4p resonance. Our model
goes beyond the second-order perturbation theory calcu-
lations in Ref. [36] for the similar process in the energy
range under consideration.

We simulate the emission lines of the normal Auger
decay [Fig. 3(d)] by the same R-matrix code, which treats
single-photon ionization, considering it as the resonant
Auger decay of the Ne2þ 1s02s22p6 state,

hνðXFELÞ þ Ne2þ1s12s22p5

→ Ne2þ1s02s22p6 → Ne3þ þ eA:

The channels with the final configurations
Ne3þ1s12s12p5, 1s12s22p4, 1s12s02p6 are included to
describe the width of the Auger line, in addition to the
Ne3þ 1s02s22p6 threshold of the Auger series Ne2þ

1s02s22p5np (n ¼ 2; 3;…;∞). The relative intensity of
the line in Fig. 3(d) is a fitting parameter.

FIG. 5. Calculated photoabsorption cross section, resonant
Auger spectrum, and resonance map of the transient Ne ion.
(a) Interpolated false color representation of the theory-based
electron spectra for different photon energies across the region of
the Neþ 1s12s22p6 → Neþ 1s02s22p6np transitions. The map
results from the convolution of the calculated photon-energy-
dependent electron spectra with a two-dimensional Gaussian of
widths taken from the experimental electron spectrum resolution
2.1 eV FWHM and the photon-energy bandwidth of 8.5 eV
FWHM, as given in the text. (b) Left axis: calculated cross section
of the transient Ne ion. Green: without inclusion of np-spectator
decay channels. Blue: with inclusion of decay channels related to
3p and 4p spectator electrons. Black: with inclusion of all decay
channels listed in the text. The scale for the right axis is the cross
section in arbitrary units for the red solid line, which is obtained
after convolution with an 8.5-eV-wide Gaussian. This line
corresponds to the integral over the kinetic energy axis of the
2D map shown in (a). (c) Black: calculated resonant Auger
spectrum at a photon energy of 981 eV corresponding to the
calculated excitation energy of the 3p resonance. Red: the same
spectrum after convolution with both the photon-energy band-
width and the spectrometer response function. This line corre-
sponds to a column at a given photon energy in the 2D map
shown in (a).
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The experimental data were collected during users
beamtime 2193 at the European XFEL. The metadata
are available at [37].
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